In this article, the problem of nanocatalysis is considered when the catalysts are gold nanoparticles. The main experimental facts are presented and basic qualitative dependences are highlighted. The hypothesis considers the role of Tamm states of gold nanoparticles, with the modification of these states to reduce nanoparticle sizes. A semi-quantitative quantum-chemical reaction scheme of oxygen dissociation with gold nanocatalysis is shown. A theoretical answer to the basic experimental test has been obtained.
Introduction
Although the catalytic properties of Au (hydrogen-deuterium exchange, the reduction of NO x by using of H 2 , isomerization of paraffins, partial oxidation) had been quite widely studied until the end of the 1980's [1] [2] [3] [4] [5] [6] , it was found that Au is a much less efficient catalyst than the group VIII elements of Mendeleev's table and other transition metals. However, in 1987, it was found by Haruta et al. [7] [8] [9] that small size Au particles increased the activity of CO oxidation dramatically, performing the reaction at temperatures below those of such classical catalysts as Pt [7] [8] [9] [10] . This circumstance greatly increased the interest in gold as a catalyst [11] [12] [13] [14] [15] [16] [17] [18] .
The main results of the basic experiment are the following:
1) The growth of the catalytic activity was observed for nanoparticles with size less than R=50Å, particularly for nanoparticles with R<30Å [8-10; 19-29] .
2) The increased catalytic activity was observed as in small Au particles [23] , in complexes of the partially oxidized/metal particles [30, 31] , in gold atom clusters [32, 33] and in the cationic Au particles.
3) The role of the substrate in the catalysis of CO oxidation by Au particles was also important [8] [9] [10] [11] 30] . 4) Most catalytic activity was observed for Au nanoparticles on TiO 2 and Fe 2 O 3 substrates [8] [9] [10] [11] 24] .
5) It was assumed that the activation of O 2 molecule took place at the metal-substrate interface [36, 37] , or directly on the substrates [8] [9] [10] [11] 19, 21] . 6 ) Changes in some properties of Au clusters are thought to vary as the function of their sizes; which are assumed to be important in the nanocatalysis problem: a) the structural phase transition from FCC (bulk material) to the dodecahedral cluster (at R=25Å) and icosahedral cluster (at R=16Å) [38] is discussed; there are data that the latter transition is observed at a much larger size (not at 100 atoms, but at 550 atoms in the cluster) [39] . Note that the transition to the icosahedron was experimentally observed in Y-zeolites at R=10Å [41] and in 50-atomic Pt clusters on carbon [40] ; b) there was a decrease in the bond lengths of Cr, Fe, Cu, Ag, Pd, Au, Pt metals at the size R<30Å [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] ; so, at R=30Å the length of Au-Au bond is d=2.84Å, and at R=8Å it is d=2.72Å, whereas the bulk material has d=2.88Å [48, 49, 51] . c) such shortening of the bond lengths is characteristic for metal dimers (Fe, Mg) [54] ; reduction of the Au-Au bond length also occurs in clusters; d) there was a reduction of the bond lengths in the metal particles on the substrates, like carbon, which are weakly interacting with the metal particles [52, 55, 56] ; e) there are changes in other properties of metal clusters (electronic, magnetic, chemical) at the scale of few nanometers [57, 64] ; the most important of which is the modification of the electronic spectrum, namely, the displacement of d-band of Cu in its atomic spectrum with decreasing particle size [60] ; the same effect was also observed for Pt and Pd [59] .
The appearance of a gap in the spectrum at the Fermi level (E e =0.45 eV) is observed for Au clusters with R <19Å on a carbon substrate, so that there is a metal-insulator transition; a similar effect is also observed for two-dimensional particles of Au (200 atoms) on a TiO 2 substrate with E e =0.2-0.6 eV [23] (Figure 1) .
Concerning the theoretical interpretation of the Au nanoparticles' unique catalytic activity, only general considerations have been expressed: a) about the role of reducing the coordination number of surface atoms; b) about the general increase of the relative part of the total number of surface atoms; c) about the existence of the evident correlation between the increased catalytic activity and the existence of metal-insulator transition with decreased cluster size; d) about the correlation of the increase in nanoparticle catalytic activity and the decrease of the interatomic Au-Au distance in smaller cluster sizes; e) about the role the substrate plays in increased catalytic activity. The most important of these five positions are the positions c) and e), i.e. that the high catalytic activity of the gold nanoparticles promotes the formation of a gap in the electronic spectra of nanoparticles. In this regard, it is very important to discuss of the role of Tamm states in the nanoparticle, taking into account their modification with decreased nanoparticle size.
Tamm states of nanoparticles
In 1932, on the basis of quantum mechanics, I.E.Tamm for the first time demonstrated that apart from the band states of electrons in a crystal known at that time, electron states of a completely different type can exist on a crystal surface [65] . These surface electron states have a discrete energy spectrum and wavefunctions that exponentially decay with increasing distance from the surface to within or away from the crystal. During more than 80 years since then, the theory of surface states has been considerably developed with regards to computational techniques and the analysis of such states in various crystals [66, 67] . Due to the evolution of nanoscience, the problem of surface states has become even more relevant. However, general analysis of the surface states problem shows that basically new factors that were not reflected in the proposed model should be considered when applied Fig. 1 . Dependence of the CO oxidation activity, the energy gap in the electronic spectrum of the gold nanoparticles and their size distribution on Au cluster size to nanoclusters. Concepts such as the role of the surface curvature (nonplanar surface), the sharpness of the potential barrier simulating the width of the surface region (diffuse nature of the interface), and finiteness of the nanocluster size (in contrast to the case of a semi-infinite crystal) should be introduced into the theory. At the same time, nanoparticles have a characteristic that describes the above properties in an integrated manner; we are speaking of confinement of elementary excitations in a nanoparticle. The most important property determined by the confinement of electrons is the discretization of their electronic spectra, which accompanies the increase in the spectral gap width; the broadening of the gap increases when the characteristic size of a nanoparticle decreases [4] . Therefore, it is reasonable to consider the features introduced into the Tamm surface states of nanoparticles by a fundamental property like the electron confinement.
Model
Our analysis is based on a combination of three models: the Tamm model of surface states [65] , the well-known Kronig-Penney model of a solid [68] , and results obtained by Efros on the electron structure of a nanosphere [69] . For this purpose, each model will be slightly developed.
The basic scheme of Tamm's analysis [65] is shown in Fig. 2 . Tamm presented the wavefunction of a surface electron state outside the crystal (for x <0) in the form:
where E (energy of Tamm's state) satisfies the condition 0 < E < U 0 . Introducing the parameters (see Fig.2 .):
Tamm obtained the following equation for energy E:
Let us simplify this expression for low energies (ξ << 1):
Thus, we obtain the dependence of energy E on the dimensionless parameter p, appearing in the Kronig-Penney model [69] . This model can also be represented in Fig.2 if we consider the range of X >> 0. The equation for allowed energy values in the Kronig-Penney model has the form (in notation used in [69] [70] ):
where Ωa characterizes the dimensionless barrier penetrability. For low energies, (Ωa/ka >> 1), Eq.(5) is transformed to:
Expanding sin(ka) (for ka < 1), we obtain the first two solutions E = f (Ωa) :
The graphical form of Eq. (6) is shown in Fig.3 . Combining Fig.3 with Eq. (7), we obtain penetrability parameter Ωa as a function of the first band gap:
Matching the Kronig-Penney model and the Tamm model by the condition p = Ωa, we obtain from expressions (8) and (4): Let us now consider the dependence of gap width E 1 gap on radius (R) of a nanosphere [68] :
where E 0 g is the gap width for the bulk material. Substituting expressions (10) into (9), we obtain the following dependence of the position of the Tamm level on nanoparticle radius R:
where:
It should be noted that dϕ(R)/dR < 0. Thus, exponent α in the wavefunction ψ(x) = A exp(αx); (x < 0) for the Tamm electron has the form:
Analyzing Eq. (13), we can easily see that the value of α decreases with R: dα dR > 0.
Consequently, we obtain two important results (Fig.4) : 1) upon a decrease in nanoparticle radius R, the Tamm level increases, approaching U 0 from below;
2) the degree of localization of Tamm wavefunction α decreases upon a decrease in radius R. 
Model of nanocatalysis of the oxygen molecule dissociation by Au nanoclusters
The geometric model diagram for the chemical interaction of an oxygen molecule with a nanocatalytic gold cluster is shown in Fig. 5 .
It is clear that the Tamm orbital of gold cluster increasingly penetrates into the space between the oxygen atoms as the oxygen molecule approaches the nanocluster; we also note that since the empty state of the oxygen molecule σ * pzS is antibonding, there is a lack of electron density at the center of the molecule. Furthermore, it can be assumed that the appearance of electron density of the Tamm states in the center of the oxygen molecule will lead to Coulomb repulsion of the two oxygen atoms, so that the interaction of the molecule with the nanocluster occurs through the synchronous reaction: approach of O 2 with the nanocluster is accompanied by an increase in the distance between the oxygen atoms. From another point of view, separation of the oxygen atoms, according to the quantum chemistry laws [71] , reduces the splitting of all levels (the drop of the exchange integral), so that the σ * pzS level is reduced ( Figure 6 ). Note further that Figure 6 shows the diagram of the electronic levels of the oxygen molecule and of the gold nanoclusters. We see that the Tamm state lies below the σ so lowering the σ * pzS level and its approach to the Tamm level promotes the superposition of the wave function for the free oxygen molecule and the wavefunction of the Tamm state. The total wavefunction of the "oxygen molecule + gold nanocluster" system has the form:
In this expression, C 1 (R) and C 2 (R) are the contributions of the σ * pzS oxygen states and of the Tamm orbitals ϕ T O in the total wave function of the combined system. Note that the coincidence of the lowering σ * pzS energy levels and of the Tamm states' flow of electrons into the oxygen molecule occurs most effectively, since the Franck-Condon factor is maximal in such a resonance [72] . From the point of view of quantum chemistry, the filling of the antibonding state of the oxygen molecule destabilizes it, i.e. reduces the dissociation energy of about 100 kJ/mol [73] . Taking into account that the Tamm level may be filled by two electrons initially and they (couple) can overflow to the σ * pzS level, then energy reduction to zero takes place, so that the oxygen molecule dissociates spontaneously.
In this scheme, the question about the role of the size of the gold nanoclusters is of great interest. As was shown in the previous section, the nanocluster size affects both the length of the Tamm states' wave function and the depth of its position (Eqs. (11), (13)), so for smaller nanocluster, first, the Tamm wave function penetrates into the interoxygen space with the approach of the reagents earlier, and, second, the resonance of σ * pzS and ϕ T O also occurs earlier than in case of large clusters. Therefore, the effectiveness of the nanocluster catalyst in our model increases with decreasing gold nanocluster size, which is in full agreement with experimental results (see Fig. 1 ).
Test of the model correctness
It is desirable for the qualitative description of the gold nanoparticle catalysis model to be supported by quantitative confirmation. The criterion for the correctness of this theory can be the test of the dependence "catalysis efficiency" ∼" 1/d
3 ", where the d is the size of the gold nanoparticles (Figs. 1, 7 ) [14, 74] . Fig. 7 . Turnover frequency (TOF) for CO oxidation over Au/TiO 2 as a function of the mean diameter of Au particles [14, 74] Note that the law "1/d
3 " is confirmed in a very broad class of experiments for both different substrates and types of contacts for Au nanoparticles with the substrates [74, 75] .
We consider such an approach of an O 2 molecule to a Au nanoparticle, when the Tamm electron is already located between two oxygen atoms (Fig. 8) . According to the Hellmann-Feynman theorem [70] , the resulting system can be considered electrostatically, so that the activation energy Q 0 of dissociation process of the oxygen molecule decreases by ∆Q, which is proportional to the part of the Tamm state electron density located between the two oxygen atoms (shaded part of orbital in Fig.8 ), i.e.:
where β is the proportionality coefficient,
is the "size" of Tamm wave function (see (15) ),
is the proportion of Tamm state penetrated into the space between the oxygen atoms.
According to the two-center chemical bond theory [70] , we have:
where l = 
is based through E on Eq. (11)), and therefore from the fact that ϕ(R) has a small value, it is easy to obtain:
where the dimensionless quantities L,L and M are the functions of 2 /2ma 2 , U 0, E 0 g , H 11 and H 12 .
Further, freed from the radicals in the ϕ(R) function, we easily obtain:
Now, we can write the expression for the probability of oxygen molecule dissociation on the surface of a Au nanoparticle:
Using (19), we obtain:
where B, C, D are the constants. It is obvious that the bracketed expression is very close to the function Const/R 3 ; in our view, this indicates reasonable agreement between the model and experiment (Fig. 7) , which has not been obtained in other approaches [74, 75] .
Conclusion
On the basis of the analysis of existing experimental data, it is found with a high degree of reliability that the catalytic activity of Au nanoparticles depends on a combination of three factors:
-size of the gold nanoparticles; -type of substrate upon which the Au nanoparticle is placed; -type of the contact of Au nanoparticles with the substrate. The most important of these three factors is the first one, and it was found that a gap appears in the electronic spectrum of Au nanoparticles when the size of those nanoparticles is of 50Å or less, and that from this point, their catalytic properties sharply increase.
We have assumed that the catalytic activity of Au nanoparticles is related to features of the surface Tamm states formed in the gap of Au nanoparticle electronic spectra.
The above model of Tamm states in the nanoparticle showed that the properties of these states are modified with the decreasing nanoparticle size: Tamm orbitals "stretch" radially from the surface, and the energy levels of these states are raised. Using the quantumchemical model for O 2 molecule dissociation on the surface of a Au nanoparticle showed that the catalytic activity of Au nanoparticles increase as their radii decrease as
R 4 , which is very close to the experimentally observed dependence "1/R 3 " and can thus serve as a "litmus test" for the model, confirming its reliability.
